Developing printed optoelectronic devices based on metal oxide inks requires synthesizing stable suspensions of the desired materials. In this work, pure and manganese doped zinc oxide inks were synthesized by a top-down wet milling route and the role of solvent in ink stabilization and printing was analyzed. Fluid properties of the as-prepared inks were measured and used for studying jettability criteria for inkjet printing. Among the various solvents evaluated, ethylene glycol produced stable oxide inks and satisfied the jetting conditions. The inks were evaluated using a commercial drop-on-demand piezoelectric inkjet printer. The morphology of the patterns printed on glass substrates, for various ink volumes, was investigated and was found to be continuous and showed good optical transmittance. We also investigated the particle segregation in these inks using a custom built direct writing system. This top-down approach, by separating the material development and ink synthesis, can be extended to a variety of metal oxide based inks.
Introduction
Thin lm based electronic devices have applications in a variety of areas, including energy harvesting and conversion devices, such as, solar cells, solid oxide fuel cells, thin lm transistors, and light emitting diodes. 1 There is a market driven demand for fabricating high-quality, high resolution patterns with long term reliability, using cost effective techniques and minimal material wastage. In recent years, inkjet printing technique has developed as an inexpensive route to fabricate electronic devices with complex circuits. 2 The technology involves direct patterning of the device components on exible and rigid substrates by dispensing precise volume of material at specic locations on the substrate. [3] [4] [5] A variety of materials, including organics, polymers, metals, hybrids and oxides can be deposited using inkjet printing and the technique conserves costly processing materials. [5] [6] [7] [8] [9] [10] [11] Inkjet printing technology has been in widespread use since the 1970s, primarily for printing pigment based inks on paper. 12 These printers have evolved from the continuous ink dispensing type into the modern drop-ondemand (DOD) printers, with thermal or piezoelectric print heads. The DOD technology helps in lowering cost since material is ejected only when required, compared to the continuous inkjet type where ow is constant and ink is diverted to a reservoir when not needed. 13 Inkjet printing has become an important technology for many applications, such as organic electronics, ceramics, and biopolymer arrays.
14 Two general approaches used to prepare nanoparticles are the bottom-up and top-down approach. Both have varying abilities to control particle size, distribution, shape, composition, and degree of agglomeration. In bottom-up chemical synthesis, particle growth and morphology can be controlled by optimizing reaction conditions. There have been extensive reports on nanomaterial preparation using the bottom-up approach by in situ and ex situ reaction. [15] [16] [17] [18] These include chemical vapor synthesis, pyrolysis, sol-gel synthesis, hydrothermal, and precipitation methods. [19] [20] [21] [22] [23] [24] [25] Some of these have been adopted from technologies developed for spin and dip coating. There has been limited work on particle ink preparation using top-down approach, mainly using ultrasonication and ball milling. [26] [27] [28] [29] [30] [31] Top-down approach involves break down of the bulk material into smaller particles, using a mixture of mechanical and chemical processes. Ball milling is a direct and simple operation and its main advantages include low cost of production, the possibility to upscale the process, and chemical uniformity of the product. 26 A wide range of nanoparticles can be easily produced, with little process modication, for different materials.
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Zinc oxide (ZnO) is widely used in optoelectronic devices due to its direct band gap (3.37 eV) and high exciton binding energy (60 meV at room temperature). 35, 36 ZnO also possess attractive optical and magnetic properties (pure ZnO is diamagnetic), with doping signicantly changing the functional properties. the entire lm and do not depend signicantly on the individual particle sizes.
In this work, ZnO nanoparticle inks have been synthesized using a top-down approach. The particle size was rst reduced by milling. These were then dispersed in a suitable solvent, containing an added surfactant, to prevent agglomeration. Depending on the solvent, it was observed that as-synthesized inks were stable for up to a month. The size distribution can be narrowed by ltering the original ink and these ltered inks also showed similar stability against sedimentation. The technique for formulation of the oxide ink and the effect of the solvent on the stability and printability of the ink are explored in this study. Some properties, specically particle size, are controlled based on the size of the nozzles of the print head of the specic printing system, while ow properties also depend on the print head conditions to a certain extent. We have optimized the ink properties based on existing formulations, which dictate that an ideal ink for a DOD system should have a particle size less than 100 times the nozzle diameter, viscosity and surface tension in the range of 2-20 mPa s and 30-60 mN m À1 respectively.
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Materials and methods
The starting materials used were zinc oxide and manganese oxide powders, procured from Sigma-Aldrich, of analytical grade purity and particle size between 2-8 mm. We also prepared Mn doped ZnO (MZO) using a solid-state synthesis process by heating pure ZnO and MnO (10 atom% doping) at 1100 C for 6 h in a conventional muffle furnace. 44 Toluene, procured from Merck was used as a milling media for initial particle size reduction, which was carried out using zirconia balls (0.8-2 mm diameter) with a ball to powder ratio of 50 : 1 in planetary ball mill Pulverisette (Fritsch, Germany) at a milling speed of 300 rpm. For dispersion of the particles, various solvents were evaluated including glycerol (anhydrous), and ethylene glycol, all procured from Merck. A water based ink was also synthesized and evaluated along with the other solvents. Sodium salt of poly-acrylic acid (PAANa), procured from Sigma-Aldrich, was used as the surfactant.
Ink formulation
As received ZnO powder was wet milled in toluene for 12 h to reduce the particle size. To this milled powder, 15 mL of ethanol, 40 mL of solvent, and PAANa were added and the milling was continued. Aer every eight hours of milling, the dispersion was le untouched overnight to check for sedimentation. It was observed that aer 24 h of milling (three 8 h milling periods), a stable ink with uniform suspension was obtained with no visible sedimentation. Thus, the total milling time was 36 h. The various ink formulations are listed in Table  1 , labelled PZ1-PZ5 for pure ZnO inks and MZ1 for the MZO ink. In these formulations, the ZnO loading was between 2-4 weight percent. Ethanol evaporates during ball milling because of sample heating and hence its weight was not considered while calculating particle loading. The pure ZnO inks, PZ4 and PZ5, are both ethylene glycol based inks, but with twice the weight loading of ZnO. The MZO ink, designated as MZ1, is also ethylene glycol based, with the same particle loading as PZ4 and PZ5. In case of MZO ink, it was observed that the ink was stable aer only 16 h of milling. Morphological inspection of the milled powders was carried out in a FEI Inspect F scanning electron microscope (SEM). Particle sizes were also measured using a transmission electron microscope (TEM), Philips CM 12 operating at 120 keV. Particle size and zeta potential measurements were carried out using Horiba Partica LA 950 analyser. The viscosity of the ink was measured using a DV-II+ Pro EXTRA Brookeld Viscometer and density measurements were performed using an Anton Paar DMA 4500M densitometer. The surface tension and contact angle measurements were performed using Digidrop GBX contact angle meter.
Direct writing and inkjet printing setup
The printability of the inks was tested using two different setups. In the rst one, a commercially available Epson T60 photo printer was used, which has a piezoelectric print head for dispensing the ink. We also printed patterns using a direct writer setup, which is a customized extrusion based printer manufactured by Tvasta Manufacturing Solution Pvt. Ltd. This setup is equipped with a stage and a print head with a metal nozzle. The print head and the stage can move freely in x and ydirections respectively, while the height of the nozzle from the substrate is xed. A rotary screw controls the extrusion of the ink through the nozzle. The volume of ink dispensed can be controlled by varying the extrusion speed. The setup also has a provision for heating the stage up to 70 C. This direct writer setup is controlled by Repetier Host soware, which customizes the pattern and printing conditions. The printed patterns were characterized by optical microscopy and SEM. The thickness prole was measured using Nanomap 100 WLI optical proler. Optical absorption spectra of the printed patterns were collected using a Cary-2000 UV-Vis spectrophotometer.
3 Results and discussion
Particle size measurement
The rst step in ink formulation is the reduction of particle size by wet milling. Fig. 1 shows representative SEM images of the particles aer different milling times. Initial particle size is of the order of tens of microns, with a mixture of small particles and large aggregates. The particle sizes were reduced to a few hundred nm aer milling. Fig. 2(a) shows the change in crystallite size with milling time. Most of the reduction occurs within the rst 10 h of milling, with the rate decreasing beyond that. Hence, we restricted the initial milling period to 12 h. Milled powders obtained were conrmed to be crystalline using XRD as shown in Fig. 2 (b). The crystallite size was calculated from the XRD pattern using Debye-Scherrer formula.
The maximum particle size that can be printed is limited by the nozzle diameter. This is due to agglomeration of particles in the ink, which can cause clogging of the nozzles. In the setups used in this study, the nozzle diameter for the commercial printer is 25 mm, while for the direct writer it is 100 mm. For printing, the ratio of nozzle to particle size should be as high as 100, which limits the required particle size for our work to less than 250 nm. Large particles also increase the probability of precipitation and agglomeration, unless the mixture is constantly agitated or surfactants are included to maintain the particles in dispersion.
For measuring particle size and distribution in the inks, we diluted 50 mL of the ink in 15 mL of ethanol. This was done to avoid multiple scattering. Fig. 3 shows that the particle radii for the as-prepared inks span a broad range, with the highest frequency of the size distribution occurring around 100 nm. The average particle size and standard deviations for the various inks are tabulated in Table 2 . The particle size distribution is narrower and the overall size is lower when using ethylene glycol and water as the solvent during the second stage of milling.
To check the effect of the increase in the ZnO weight percent, the amount of material was increased to 2 g, with ethylene glycol as the solvent. Fig. 3 shows that the particle size distribution becomes broader with increased ZnO loading, though the peak of the distribution has shied slightly towards lower values. This can be attributed to greater particle loading, which produces a size distribution with a longer tail. The particles are crystalline with peak broadening due to size reduction. The crystallite size is calculated from the XRD pattern using Debye-Scherrer formula. Fig. 3 Comparison of the particle size distribution as a function of solvent and ZnO loading. PZ1 and PZ3 correspond to glycerol and ethylene glycol inks respectively and show similar size distribution. PZ5 is ethylene glycol ink with double the ZnO loading. The particle size distribution for PZ5 is wider with a longer tail due to this higher particle loading.
The as-prepared ink is shown in Fig. 4 and due to the large size distribution, is not suitable for inkjet printing. Hence, the inks were ltered with Whatman paper of pore size 200 nm. Fig. 4(b) shows the PZ1 ltered ink and the TEM image of the particles is shown in Fig. 4(d) , with most of them having size less than 100 nm.
Ink stability measurement
The stability of the as-prepared and ltered inks was compared by keeping the inks undisturbed to observe sedimentation. Existing literature on nanoparticle inks have reported stability ranging from one week to one month.
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Inks with low stability have to be usually redispersed before use. Our observations show that the stability of the inks depends on the solvent. Glycerol based inks were stable up to a month, while other inks were observed to be stable for more than a week. Water based ZnO ink was observed to be more stable than inks based on ethylene glycol and could be attributed to the lower average particle size obtained aer milling. The ltered inks were also observed to have similar stability as the unltered inks.
To understand the reasons for the stability and to quantitatively differentiate between the different solvents, we measured the zeta potential, which is the potential difference between the solution and the shear plane at the particle-uid interface. 46 The inks were diluted with ethanol before the measurement. Higher the absolute value of the zeta potential, greater is the stability of the suspension. 47 Charge separation in a ZnO particle creates a dipole and this interaction between neighbouring particles is attractive and leads to agglomeration. When a surfactant, such as PAANa is added, it ionizes due to the pH of the solution and forms a layer around the particle. Because ZnO nanoparticles have a negative charge at the surface due to lattice defects 48 or due to its dispersion in ethanol (with pH of 7.3), 49 the positive part of surfactant (the Na + ion) will be oriented towards the particle surface and the negative part (the acrylic acid chain) will extend into the solvent. These chains repel each other and keep the suspension stable. The extent of this repulsion is measured by the zeta potential. Table 2 shows the compiled absolute zeta potential values for pure and doped ZnO inks. An absolute potential value greater than 40 mV is a good indication of ink stability 50 and the measured values show that all inks are stable. This corroborates our earlier observation that ink sedimentation is not observed up to a month aer synthesis. The particle size is smaller for EG based ink than other non-aqueous solvents and it shows the highest value of zeta potential among the pure ZnO inks.
Jettability measurement of prepared inks
Nanoparticle based inks used in printing are subject to certain physical requirements and constraints to ensure jettability. The principal parameters which decide jettability are density, surface tension, viscosity, and nozzle diameter. 51 The nozzle diameter is xed for a given print head but the other factors depend on the ink and can be varied by changing the ink composition.
3.3.1 Viscosity and surface tension. The viscosity of the ink is the most signicant parameter affecting jettability and its value should be in the range of 2-20 mPa s for DOD inks.
52,53 A high value of viscosity prevents free ow of the ink on the substrate aer printing and it also increases the force required to eject the ink out of the nozzle. Low viscosity inks are also unacceptable because it leads to formation of satellite drops while printing. 54 The ink viscosity depends on its components, including dispersant, surfactant, solvent, and/or binding agents. Based on the ink, viscosity can exhibit a very complex dependence on formulation, which affects the extent of shearing as the ink ows through the nozzle. A Newtonian uid shows linear behaviour between the viscous stress and corresponding shear strain rate and is desirable for printing. We performed viscous shear measurements on the ink formulations and Fig. 5 shows the data for both glycerol and ethylene glycol representative inks. All inks displayed Newtonian behaviour and the viscosity data are listed in Table 3 . The water based ink (PZ2) has low viscosity and, despite its good stability, lies at the lower end of the printability range and was not evaluated further. Ethylene glycol inks, for both ZnO and MZO, have viscosity in the correct range for printing. The glycerol based ink (PZ1) has a high viscosity value and was also found to be not suitable for printing. Another important physical parameter to evaluate the printability of a uid is its surface tension. Surface tension controls the drop formation as the ink is ejected out of the nozzle and the spreading of the ink on a substrate. Ideally, the value must be such that the ink is held in the nozzle without dripping, while allowing an ejected droplet to spread over the substrate to form a continuous lm. Surface tension values of the as-prepared inks are shown in Table 3 . The values for the various inks are similar, within a narrow range of 48-60 mN m
À1
. Surface tension is affected by the surfactant adsorption on the particle surface which reduces the dipole attraction forces acting between the ZnO particles. With smaller particle size, the dipole attraction will be lower. 53 The surface tension can also be affected by the solvent and surfactant used. In this study, the surfactant is the same and when we look at printability only ethylene glycol inks are found suitable and hence the solvent is also the same.
3.3.2 Jettability. The commercial inkjet printer used in this work has a piezoelectric print head. The ink requirements for this printer include a minimum surface tension of 35 mN m À1 , with the viscosity in the range of 8-15 mPa s. 54 For inkjet printing, a dimensionless number, called the Ohnesorge number (Oh), incorporates the relevant parameters and is dened as
where h, s, r, and l are the viscosity, surface tension, uid density, and the nozzle diameter for the printer respectively. The rst two parameters are listed in Table 3 , while for all prepared inks the density lies between 1.1-1.2 kg m À3 . The nozzle diameter for the commercial printer is 25 mm. The inverse of the Ohnesorge number is called the Z number and for good printability, this number should be in the range of 2-10.
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The calculated Z number for different ink formulations are also listed in Table 3 . Only ZnO-EG inks, for both pure and doped ZnO (PZ3, PZ4, PZ5, and MZ1), satisfy the jettability criteria for printing condition. Therefore, only these inks were chosen for printing.
Characterization of the printed patterns
3.4.1 Patterns printed using commercial inkjet printer. ZnO-EG satises the jettability condition and it was used for printing with a commercial inkjet printer. Because of the small volume of ink ejected in each pass, multiple passes were required to obtain pattern connectivity. The nal patterns, as a function of the number of passes, are shown in Fig. 6 . Between the individual passes, the lm was dried using a hot air blower, with the blower located below the lm. This was done to prevent the ux motion to the drop edge and minimize the coffee-ring effect. SEM images show discontinuity in the printed lm for single pass and connectivity gradually improves with increasing number of passes, with continuous lms obtained for 5 and 10 passes. Post printing, these patterns were annealed at 200 C for 3 h. The phrase 'Thin lms' and 'Electronics' was printed on glass substrates using ve and ten passes respectively and the phrase 'ZnO' was printed on a cleaned silicon substrate using ve passes. The images are shown in Fig. 7 . The multi pass lms were continuous with no visible particle segregation.
Printed drop analysis.
A common occurrence in inkjet printing is the formation of satellite droplets. These are smaller drops jetted between two primary drops, which are formed due to low ink viscosity or a large distance between nozzle and substrate in inkjet printing. 58 Existing literature suggest that ethylene glycol (viscosity of 13.35 mPa s and surface Table 3 . Table 3 Ink jettability data for pure and doped ZnO inks. The Z number is calculated using eqn (1 View Article Online tension of 47.9 mN m À1 ) gives satellite-free drop formation.
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Similarly, polymer inclusion in the ink can minimize satellite drop formation. ) is the closest in value to existing literature data and hence we expect that this ink will also show minimum satellite drop formation. It is possible to look at the phase space for printability by plotting the log(Oh) versus drop velocity (dened as the ratio of surface tension to viscosity). The plot for our prepared inks is shown in Fig. 8(a) and PZ3, PZ4, and PZ5 inks lie close to the border for satellite to no satellite drop formation.
61 PZ1 ink did not satisfy the jettability criteria and its high viscosity precluded the formation of satellite drops. PZ2 ink, lies in the satellite drop formation region because of its low viscosity. To check whether satellite drops are formed in our printed patterns, the optical images of the single pass printing were captured, and one such image is shown in Fig. 8(b) . We observed the formation of regular droplets with some smaller droplets seen in the optical micrograph. There are also some merged drops, which have a non-uniform shape compared to the regular droplets. From the analysis of the images it is not possible to completely rule out the formation of the satellite droplets. Droplet formation also depends on the distance between the nozzle head and the substrate and this is xed for the commercial printer and cannot be changed.
In inkjet printing, mechanical (acoustic) waves are used to create the drop. Increasing viscosity of the ink dampens this drop, leading to an increase in drive voltage required to create a drop of xed velocity, and decreasing the drop size at xed drop velocity. High viscosity also dampens the instabilities that lead to satellite formation. The commercial printer used, operates at a xed voltage and therefore drops generated from different solvent based inks might have different velocities and sizes. Surface tension provides the key driver for rupture of the liquid ligament. 62 The drop velocity should have a range of 0.5-5.0 m s À1 for a typical DOD ink. 53, 58 The surface tension values and drop velocities for the various inks are listed in Table 3 . For 45 (b) Few merged drops can be seen along with regular droplets. There are also some smaller size drops and satellite drop formation cannot be completely ruled out. Fig. 9 Transmittance spectra of the inkjet printed patterns, using PZ4 ink. Both as printed and annealed 5 pass and 10 pass patterns are included. The films were annealed at 200 C for 3 h. The annealed patterns have better transmittance than as printed patterns due to elimination of the solvent and better particle interconnectivity.
getting ner lines and better resolution, we need smaller drop size but at the same time, the number of printing passes need to be increased. In printing of small droplets, connectivity can be maintained since solvent evaporation is faster due to the larger surface area of the drop and segregation will be less. For the larger droplets, fewer passes are required but the end resolution will not be good and coffee-ring effect will be pronounced.
3.4.3 Optical transmittance study. Thin lm patterns were printed using PZ4 ink in 5 and 10 passes on a glass slide and then annealed at 200 C for 3 h. The printed pattern is made of nanoparticles, which fused on increasing the temperature. A spongy structure is observed in SEM images of printed patterns, as shown in Fig. 6 . This may be attributed to voids formed due to the solvent removal during heat treatment. This can affect the transmission of light through the structures, since scattering can take place at the pores. Transmittance spectra of as printed and annealed 5 and 10 pass patterns are shown in Fig. 9 . For the as-printed pattern, the percentage transmittance was observed to decrease with increase in number of passes. The data for the annealed samples shows that 92% transmittance was observed (typically, 95% transmittance is taken as the requirement for transparent electrodes) and improved transmittance on annealing could be due to evaporation of solvent and surfactant as well as an increase in particle connectivity. 3.4.4 Patterns printed using a custom built direct writer. To study the drying behaviour of the printed patterns, such as the particle segregation at the edges (coffee ring effect), particle-particle connectivity, and thickness prole of the deposit, 59 ,60 drop patterns were printed on a cleaned glass substrate using a custom-built direct writing system. The ink is printed at room temperature and dried post printing. Parameters such as extrusion volume (81 nL per drop), syringe speed (5 mm s À1 ), substrate temperature (25 C), and number of passes (1) were optimized for the direct writing system. The extruded volume was measured using the contact angle and radius of the sessile droplet. These printing parameters are optimized such that the drops remain separate and spacing between them is 1 mm, as measured from the centre of one drop to the other. Fig. 10 shows the patterns obtained by depositing individual drops of PZ5 and MZ1 ink. Aer annealing, the roughness and thickness of the drop patterns were quantied using an optical proler, while particle continuity was studied using optical and electron microscopy. The effect of temperature was studied by annealing the patterns at 100 C and 60 C for 30 min. At 100 C, large cracks were visible and there is a distinct ring formation due to irregular ethylene glycol evaporation, as seen in Fig. 11 . On the other hand, uniformly dried drops (without any crack and coffee ring inuence) were obtained by drying patterns at 60 C for 30 min, as shown in Fig. 12 . Drop diameter measured using the proler was 0.81 AE 0.02 mm with height of 2.62 AE 0.11 mm. Fig. 10 Drop patterns of (a) PZ5 (b) MZ1, printed using the direct write system on chemically cleaned glass slides and then annealed at 60 C for 30 min at atmospheric conditions. Deposited volume for each droplet is approximately 80 nL and spacing between droplets is maintained around 0.1 mm. The scale bar is the same for both images. MZO ink drops were also printed under the same conditions and dried at 60 C for 30 min. Comparison of thickness prole of pure and doped ZnO drops in Fig. 13 showed better wettability by MZO than pure ZnO and that results in a larger drop diameter of 1.06 AE 0.02 mm with a correspondingly smaller thickness of 1.84 AE 0.13 mm for the same extruded volume. This can be understood in terms of the surface tension and surface charge on the MZO particle. ZnO doped with Mn demonstrated lower ferromagnetism than pure ZnO. 63 As a result, MZO ink possesses lower surface tension than pure ZnO, as shown in Table 3 , and thus better wettability on the substrate. SEM micrographs of pure and doped ZnO dried patterns in Fig. 14 shows a uniform distribution in the drop. The higher magnication images show particle connectivity despite the presence of micro-cracks.
Conclusion
We describe the synthesis of metal oxide nanoparticle inks by a top-down wet milling approach and the role of the solvent in maintaining the ink stability and printability. We concentrated on two systems, pure and manganese doped zinc oxide. In MZO, the doping was achieved by a solid-state reaction, independent of the ink synthesis. The ink parameters including zeta potential, viscosity, surface tension, and Z number were calculated for the various solvents and it was found that ethylene glycol based inks have better jettability. These inks were observed to be stable against sedimentation up to a month and the particle size distribution could be narrowed by ltration. These ltered inks were tested by printing drops and word patterns using a commercial inkjet printer and a custom-built direct writer. The patterns showed uniform deposition with minimal particle segregation at the rims. The annealed patterns showed high transmittance in the visible region. To conclude, we have produced ethylene glycol based inkjet printable pure and doped zinc oxide inks by a top-down wet milling approach, which is scalable from an industry point of view. By decoupling doping and ink synthesis, it is possible to adapt this method for a variety of metal oxides, including binary, ternary and complex oxide systems. For these systems, optimization of the ink, in terms of particle loading, surfactant type and concentration, and the solvent volume will have to be carried out. Future work will involve extending this process to other metal oxide based systems. This will aid in the fabrication of all printed oxide electronic devices.
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